In an approaching scenario of soil nutrient depletion, root association with soil microorganisms can be key for plant health and sustainability [1] [2] [3] . Symbiotic arbuscular mycorrhizal (AM) fungi are major players in helping plants growing under nutrient starvation conditions. They provide plants with minerals like phosphate and, furthermore, act as modulators of plant growth altering the root developmental program [4, 5] . However, the precise mechanisms involved in this latter process are not well understood. Here, we show that AM fungi are able to modulate root cortex development in Medicago truncatula by activating a novel GRAS-domain transcription factor, MIG1, that determines the size of cortical root cells. MIG1 expression peaks in arbuscule-containing cells, suggesting a role in cell remodeling during fungal accommodation. Roots ectopically expressing MIG1 become thicker due to an increase in the number and width of cortical cells. This phenotype is fully counteracted by gibberellin (GA) and phenocopied with a GA biosynthesis inhibitor or by expression of a dominant DELLA (D18DELLA1) protein. MIG1 downregulation leads to malformed arbuscules, a phenotype rescued by D18DELLA1, suggesting that MIG1 intersects with the GA signaling to control cell morphogenesis through DELLA1. DELLA1 was shown to be a central node controlling arbuscule branching [6] [7] [8] . Now we provide evidence that, together with MIG1, DELLA1 is responsible for radial cortical cell expansion during arbuscule development. Our data point toward DELLA proteins being not only longitudinal root growth repressors [9] but also positive regulators of cortical radial cell expansion, extending the knowledge of how DELLAs control root growth.
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In Brief
Heck et al. show that arbuscular mycorrhizal fungi induce in plants the expression of a novel GRAS transcription factor, MIG1, that controls root cortical cell expansion by intersecting with GA signaling. MIG1 downregulation impairs symbiosis, demonstrating that microbes are able to fine-tune plant development for their own ends.
SUMMARY
In an approaching scenario of soil nutrient depletion, root association with soil microorganisms can be key for plant health and sustainability [1] [2] [3] . Symbiotic arbuscular mycorrhizal (AM) fungi are major players in helping plants growing under nutrient starvation conditions. They provide plants with minerals like phosphate and, furthermore, act as modulators of plant growth altering the root developmental program [4, 5] . However, the precise mechanisms involved in this latter process are not well understood. Here, we show that AM fungi are able to modulate root cortex development in Medicago truncatula by activating a novel GRAS-domain transcription factor, MIG1, that determines the size of cortical root cells. MIG1 expression peaks in arbuscule-containing cells, suggesting a role in cell remodeling during fungal accommodation. Roots ectopically expressing MIG1 become thicker due to an increase in the number and width of cortical cells. This phenotype is fully counteracted by gibberellin (GA) and phenocopied with a GA biosynthesis inhibitor or by expression of a dominant DELLA (D18DELLA1) protein. MIG1 downregulation leads to malformed arbuscules, a phenotype rescued by D18DELLA1, suggesting that MIG1 intersects with the GA signaling to control cell morphogenesis through DELLA1. DELLA1 was shown to be a central node controlling arbuscule branching [6] [7] [8] . Now we provide evidence that, together with MIG1, DELLA1 is responsible for radial cortical cell expansion during arbuscule development. Our data point toward DELLA proteins being not only longitudinal root growth repressors [9] but also positive regulators of cortical radial cell expansion, extending the knowledge of how DELLAs control root growth.
RESULTS AND DISCUSSION

MIG1, a New GRAS Transcription Factor Induced by AM Fungal Signals
Root colonization by arbuscular mycorrhizal (AM) fungi is limited to the epidermis and the cortex, where the fungus grows by interand intracellular hyphae and forms profusely branched structures called arbuscules in deep layers of the cortex [10] . Arbuscules are surrounded by a de novo-synthesized plant cell membrane, the periarbuscular membrane (PAM) that requires a reorganization of the plant exocytotic machinery [11] [12] [13] [14] [15] . It is, therefore, comprehensible that formation of the mycorrhizal symbiosis requires an extraordinary and regulated developmental adjustment. Plant symbiotic reprogramming starts even before physical contact, and perception of diffusible fungal signals leads to activation of the first transcriptional responses [16, 17] . However, the precise mechanisms linking perception of fungal signals to the plant developmental changes required for fungal accommodation in the root cortex are not yet fully elucidated. In recent years, several GRAS transcription factors (TFs) have been identified as key components at the core of this process. Thus, the DELLA mutants (della1/della2 in M. truncatula or slr1 in rice) are severely impaired in arbuscule formation [7, 18] , RAM1 is required for arbuscule branching [6, 8, 19, 20] , and RAD1 is essential for arbuscule maintenance [21] . In addition, NSP1, NSP2, and DIP1 were shown to control the general colonization process [18, [22] [23] [24] .
For identification of novel GRAS TFs from M. truncatula featuring in the translation of AM fungal signals into root developmental changes, reiterative pBLAST analyses using RAM1, NSP1, and NSP2 were carried out, and 99 putative GRAS TFs were identified (Table S1 ). Based on an in silico expression analysis (http://mtgea.noble.org/v3/) and qRT-PCR data in response to Rhizophagus irregularis spore extract (SE) ( Figure S1A ), a novel GRAS TF Medtr2g034280 was selected for further analysis. A closer look into the genome showed two close homologs located in tandem (Figures S1B and S1C). Because they were all mycorrhiza induced, we named them as MYCORRHIZA-INDUCED GRAS (MIGs). All MIGs were inducible by R. irregularis extract, albeit at different time points and with different magnitudes (Figure 1A) . Fractionation of the extract showed the pellet to have the strongest inducing activity ( Figure S1D ), suggesting that fungal cell wall components might be the responsible signals.
Although the expression of all MIGs increased concomitantly with the colonization of the root (RiTEF) and with the expression of the arbuscular marker PT4 (Figures 1B and 1C) , only MIG1 shows a mycorrhiza-specific expression pattern in the gene expression ATLAS, while MIG2 and MIG3 are expressed more ubiquitously. Therefore, we next investigated their promoters for arbuscule-specific motifs. The analysis showed the presence of several CTTC-like motifs (each differing from the core motif TCTTGTTC by a single nucleotide), but only the promoter of MIG1 also contained the P1BS motif, both in close vicinity to the ATG ( Figure 1D ). The CTTC motif is sufficient for expression in cells containing arbuscules, and it is often associated with the phosphate starvation motif P1BS close to the ATG [25, 26] . Therefore, we next analyzed the spatial expression pattern of MIG1 in roots using the GUS reporter gene. In contrast to nonmycorrhizal roots where MIG1 promoter is active in the vascular cylinder, colonization by R. irregularis redirected MIG1 expression to cortical cells containing arbuscules ( Figures 1E and 1F) . Truncation analyses further revealed that the 230-bp region upstream of the ATG containing only the first two CTTC motifs, but no longer the P1BS motif, is sufficient to drive MIG1 expression in cells containing arbuscules ( Figure 1G ). These results show that, despite MIG1 having a lower level of expression than MIG2 and MIG3, its expression is mainly confined to arbusculated cells, suggesting a role for MIG1 in those cells.
A Novel Clade of GRAS TFs Not Conserved in Arabidopsis
Phylogenetic analyses showed that MIGs belong to a novel clade of GRAS TFs absent in Arabidopsis (Figure 2A) . Furthermore, no Figure S1 and Tables S1 and S2.
(legend on next page) members of the clade exist in the monocots, except in the palm Phoenyx. Members of this clade from Populus trichocarpa were thought to be genus specific [27] . However, the analyses from Huang et al. [28] and ours here clearly show that this cluster is widely distributed in the dicots ( Figure S1E ). No gene from this clade has been functionally characterized, possibly because previous studies did not consider symbiotic conditions, and expression was often not detected [28] . In contrast, all M. truncatula and L. japonicus genes from this clade, including the MIGs reported here, are mycorrhiza induced [21, 29] , pointing toward a possible symbiotic role for the MIG1 clade.
MIG1 clade members share a conserved amino terminus comprising three highly conserved regions located directly in front of the GRAS domain ( Figure 2B ). In silico secondary structure prediction of 18 MIG1 clade members (MIG1-3 and 15 randomly selected proteins; Figure S1E ) revealed that those conserved regions correspond to putative alpha helices, one of them partially overlapping with predicted DNA-binding sites (Figure 2B ), indicating that MIG1 could directly interact with DNA. Given that several GRAS TFs are known to have transactivation activity in their N terminus [30] , including the symbiotic proteins NSP1 and NSP2 [31] , as well as the rice SLR1 [32] , we tested the transactivation activity of MIG1 in yeast. Results showed that MIG1 is able to activate yeast growth when fused to the GAL4 DNA-binding domain, similar to DELLA2 from M. truncatula and RGA1 from A. thaliana ( Figure 2C ). Furthermore, we showed that the amino terminus is sufficient for MIG1 transactivation activity. Thus, MIG1 is the first characterized member of a novel clade of GRAS TFs, highly expressed in arbuscule-containing cells, with putative DNA-binding sites and transactivation activity. Taken together, this suggests that MIG1 might act as a modulator of gene expression changes required for arbuscule development.
MIG1 Modulates Root Cortex Development
In order to get insights into the cellular mechanism of MIG1, we performed overexpression (OE) experiments. Unexpectedly, MIG1 OE (more than 20-fold; Figure S2A ) induced major changes in root cortex development, resulting in a significant enlargement in root diameter (Figures 3A and 3B ; Figure S2B ). Such a rootthickening effect was previously reported in plants treated with gibberellin (GA) biosynthesis inhibitors [33] [34] [35] [36] being fully reversible by application of GA. Likewise, application of paclobutrazol (PAC), an inhibitor of GA biosynthesis, increased root diameter in control roots and further enhanced the promoting effect of MIG1 OE in M. truncatula ( Figures 3B, S2B , and S2C). Conversely, treatment with GA or a double DELLA deletion reduced root diameter ( Figures 3B and S2B-S2D ), but most interestingly, it fully abolished the MIG1-promoting effect ( Figures 3B and  S2B) . Together, these results suggested a link between GA signaling and MIG1 impacting on root diameter. However, the synergistic effect observed with PAC indicated that MIG1 could be acting through an independent pathway or, by contrast, that the concentration of PAC was not sufficient to fully inhibit GA signaling. To distinguish between those possibilities, we created a dominant DELLA non-degradable by GA (D18DELLA1) to fully block GA signaling in roots [7] . Similar to the application of PAC, expression of D18DELLA1 increased root diameter. However, OE of MIG1 in the D18DELLA1 background did not further increase this phenotype, providing genetic evidence that MIG1 intersects with the GA signaling pathway ( Figures 3C and S2E) .
A larger root diameter might be the consequence of an increase in the number of cortical cell layers, of enlarged cell width, or both. Although the number of cortical cell layers is usually constant for a plant species, it has been shown that several developmental processes, including interactions with other organisms (i.e., Rhizobia or root-knot nematodes), can alter their number [37] [38] [39] . In this sense, GA is known to act on the cortex proliferation by delaying the onset of middle cortex (MC) formation in A. thaliana, while PAC induces precocious formation of the MC [40] . This mechanism seems to be conserved in other plants, as shown in rice, where PAC application increased the number of cortical cells in fine lateral roots [41] . Therefore, we next analyzed the number of cortical cell layers in MIG1 OE roots and observed an increase that was fully reversed by GA treatment ( Figures 3D and S2F ). GA application also reduced the number of cell layers in control roots ( Figures 3D, S2F , and S2G), similarly to the double DELLA mutant ( Figure S2H ). In contrast, PAC and D18DELLA1 phenocopied the MIG1-mediated cortical cell layer proliferation ( Figures 3D, 3E , S2F, and S2I), further supporting the hypothesis that MIG1 interferes with the GA signaling impacting on root radial development.
Remarkably, MIG1 OE changed not only the number of cortical cells but also their morphology, resulting in wider and longer cells ( Figure 3F ). These results were surprising, because ubiquitous GA signaling inhibition produces wider but shorter cells ( Figures  3F and 3G ). It is known from A. thaliana that the promoting effect of GA signaling on root elongation is mediated at the endodermis (A) Phylogenetic analysis of the GRAS protein family. The unrooted tree was generated based on an amino-acid alignment with all GRAS proteins from the plant species A. thaliana, M. truncatula, S. lycopersicum, and O. sativa. Alignment was performed using ClustalW, and the phylogenetic tree was constructed with the neighbor-joining method using MEGA7, bootstrap value of 1,000 (percent value is labeled at each node), p-distance, and pairwise gap deletion. Taxa arrangement was chosen for balanced shape. MIG1 clusters in a new clade without representatives in A. thaliana or O. sativa. (B) Amino-acid alignment of the 100 closest relatives to the MIG1 N terminus revealed three highly conserved amino-acid stretches at the end of the N termini (I, II, and III). Consensus secondary structure prediction was performed using 18 randomly selected proteins from different plant species of the MIG1 clade, including MIG1, MIG2, and MIG3 (pink dots). Four predicted a helices (blue) are located in the N terminus of MIG1-related proteins, three of them within the highly conserved regions (pink). The fourth a helix (light blue) is not as conserved as the others and is located in front of them. Several DNA-binding sites (yellow; or green if located in predicted a helix) were predicted for all proteins within the first conserved amino-acid stretch, except for RcXP_002519213.1 (Ricinus communis). (C) Transactivation test of MtMIG1 in S. cerevisiae. MtMIG1, MtDELLA2, and AtRGA1 were fused to the GAL4-binding domain (DBD). In addition N-terminal versions of MtMIG1 (108 amino acids [aa]; MtMIG1-N) and of MtDELLA2 (81 aa; MtDELLA2-N) were tested. All GRAS proteins, except MtDELLA2-N, showed transactivation activity in yeast. TRP1 served as transformation markers, and HIS3 and ADE2 were used as reporter genes. -W, selection media without tryptophan; -WHA, selection media without tryptophan, histidine, and adenine. See also Figure S1 and Table S2 .
by controlling longitudinal cell expansion [9] and that coordination of DELLA in all root tissues is required for synchronized growth [42] . However, the role of GA-DELLA controlling radial cell expansion has not been explicitly addressed so far. Our results show that ubiquitous inhibition of GA signaling, by ectopic expression of D18DELLA1 or PAC treatment, significantly increases radial cell expansion in M. truncatula, resulting in an increased root diameter that resembles MIG1 OE (Figures 3F, (legend continued on next page) 3G, and S2J). These results point toward DELLA1 being a positive regulator of cortical radial expansion and, as described, a negative regulator of cortical cell length. Unexpectedly, all promotion effects of MIG1 OE on cell morphology were fully reversed by GA, including longitudinal cell growth, which was also abolished when MIG1 was ectopically expressed in the D18DELLA1 background.
To understand the biological relevance of MIG1 in cortex remodeling, we did morphometric analyses of mycorrhizal roots. Symbiosis formation induced a significant width increase in arbuscule-containing cells of the same magnitude as that induced by MIG1 OE. Arbuscule formation on MIG1 OE plants did not further enhance the effect on cell width, nor did it have any effect on cell length ( Figure S2K ). Morphometric changes in response to AM fungi are consistent with previous reports [43, 44] and suggest that MIG1 symbiotic function might be to control primarily the radial expansion of cortical cells invaded by the fungus.
But how does MIG1 control radial expansion in the cortex? Our results show that MIG1 OE phenocopies the inhibitory effect of D18DELLA1 and PAC, suggesting a negative role of GA signaling in arbuscule-containing cells. This is consistent with the observed negative effect of GA [45] and with the essential requirement of DELLA proteins [7, 18, 46] for arbuscule development. The suppression of the MIG1 effect by GA and the epistasis relation of MIG1 and DELLA1 further support the hypothesis that MIG1 mediates its effect in cell expansion by interfering with the GA signaling pathway rather than by independently regulating downstream GA-effector genes. Therefore, we considered whether MIG1 could interact with other GRAS TFs and, in particular, with the DELLA proteins. In this line, symbiotic GRAS proteins have been shown to be part of a network of TF complexes [6, 7, 18, 19, 21] . Bimolecular fluorescence complementation in Nicotiana benthamiana showed that, indeed, MIG1 interacts with DELLA1 and with NSP1 in the nucleus, but it never did with RAM1, NSP2, or DELLA3 and only with RAD1 and DELLA2 when MIG1 was fused to the C terminus of yellow fluorescent protein (YFP) (Figures 3H, S3A , and S3B). DELLA1 also interacts with NSP1, which interestingly, is also induced in response to fungal signals; thus, our findings further strengthen NSP1 involvement in the mycorrhiza symbiosis [22, 23, 47, 48] . In addition, we found that, in contrast to NSP1, NSP2, and RAM1 [21, 31] , MIG1 did not form homodimers or heterodimers with MIG2 or MIG3. These results indicate that MIG1 might be part of novel legume GRAS TF complexes involving DELLA1 and NSP1, distinct from the complexes observed involving DELLA1, RAM1, RAD1, and NSP2 [6, 8, 19, 21, 49] . This suggests that MIG1 complexes might control different downstream targets, and, in agreement, we did not observe induction of several of the described target genes [6, 49] but rather a suppressive effect that was significant for EXO70I when ectopically expressing MIG1 ( Figure S3D ). This is interesting because EXO70I has been shown to be a target of the DELLA1-RAM1 transcriptional cascade controlling arbuscule branching [6] .
EXO70I is a dedicated component of the exocyst complex that, in arbuscule-containing cells, allows the formation of specialized subdomains in the PAM [14] .
MIG1 Downregulation Impairs Arbuscule Development
To challenge the hypothesis that the effect of MIG1 on radial cortical cell morphology might impact on arbuscule development, and given that no insertion mutants are available for MIG1, we downregulated its expression using RNAi. Two expression systems were used to inactivate MIG1: one under the control of the arbuscule-containing-cell-specific promoter MtPT4 from M. truncatula and the second was driven by the constitutive A. thaliana UBIQUITIN3 promoter [50] . Both systems worked similarly on MIG1 expression, which was reduced by 62% (P MtPT4 ) and 70% (P AtUBI3 ) in colonized roots ( Figures 4A  and S4A ). Downregulation of MIG1 resulted in an increase in smaller and distorted arbuscules ( Figures 4B and S4B) . Although the frequency of mycorrhization was not affected ( Figures 4C  and S4C ), intercellular septated hyphae, indicators of fungal apoptosis, were often observed. Consistent with this, the percentage of mature arbuscules was reduced in MIG1 RNAi plants, whereas the abundance of distorted arbuscules was significantly increased (Figures 4C and S4C ). Given the high similarity between MIG1 and its duplications, MIG2 and MIG3, their expression was also analyzed. Both genes were inactivated using the P AtUBI3 (50%), but they were not significantly downregulated with P MtPT4 (Figures 4A and S4A) . Interestingly, the inactivation of the three MIGs did not result in a stronger phenotype; furthermore, in P MtPT4 :MIG1-RNAi roots, MIG2 and MIG3 were not able to rescue the arbuscule phenotype caused by MIG1 downregulation ( Figure 4C ). This indicates that, despite their similarity, there is no functional redundancy, and solely the reduction in MIG1 expression is responsible for the observed arbuscule developmental phenotype.
MIG1 RNAi did not alter the expression of several mycorrhizal marker genes, with the exception of NSP2, which was significantly induced ( Figure S4E ). This suggests that MIG1 is a negative regulator of NSP2 in arbuscule-containing cells. Although the role of NSP2 in AM symbiosis is not fully understood, its proper spatiotemporal distribution controlled by the microRNA171h seems to be key [51] . NSP2 was shown to be responsible for cortical cell divisions during nodulation [52] ; therefore, it might be interesting to see whether MIG1 expression in arbusculated cells contributes to negatively regulate nodule organogenesis when roots are challenged with both microbes.
Most interestingly, MIG1 downregulation by RNAi reduced cortical cell size in line with the opposite effects observed in MIG1 OE roots ( Figures 4D and S4D ). This suggests that the malformed arbuscule phenotype could be related to the impossibility of radial expansion in cells harboring arbuscules. Indeed, repression of MIG1 in the D18DELLA1 background, which results in constitutive radially expanded cells, restores the normal arbuscule phenotype (Figures 4E-4H ), thus indicating (D and H) Morphometrical analysis of roots. Cortical cell width and length from arbuscule-containing cells were measured. At least three biological replicates were analyzed with n (roots) R 15; n (cells) R 89. A Mann-Whitney U test was used for calculating the level of significance. Different letters or asterisks indicate significance: *p < 0.05; **p < 0.01; ***p < 0.001. See also Figure S4 and Table S2. that radial cell expansion could be critical for proper arbuscule development.
Conclusions
Here, we have identified a novel component of the transcriptional reprogramming imposed by AM fungi on their host plants. It is likely that induction of MIG1 by fungal signals serves to regulate the expression of downstream components required for the cell morphology changes occurring during arbuscule formation. We envisage a model in which MIG1 acts as an integrator of fungal signals into the GA signaling pathway by recruiting DELLA1 as a transcriptional coactivator. In our model, DELLA1 acts as a major repressor of longitudinal cortex cell growth, possibly at the endodermis as shown in Arabidopsis [9] , but it serves, in addition, as a positive regulator of cortical radial cell expansion. During symbiosis, MIG1 recruits DELLA1 to the promoter of genes responsible for radial cell growth, resulting in a radial expansion of arbuscule-containing cells. Because DELLA1 has already been shown to be a key activator of genes required for arbuscule branching which are somehow repressed in MIG1 OE roots, our model implies a dual role for DELLA1 in arbuscule-containing cells. Proper arbuscule development requires a coordinated recruitment of DELLA1 to enable arbuscule branching through RAM1 and MIG1-mediated radial cell expansion.
AM fungi are obligate biotrophic fungi that require nutrients from their host to complete their life cycle. Our results here show that AM fungal signals can finely adjust the plant developmental program in order to promote their accommodation in the cortex. Elucidating the mechanisms of how rhizospheric microbes manipulate their hosts can further help us to better understand the general mechanisms of plant development.
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